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velocity data. 

As tensile strength is a key element of pavement behavior, it 

is considered the most significant of physical parameters measured in 

this study. Average tensile splitting strength ratios (based on fresh 

water strength) and expected values from a least squares polynomial 

regression are shown in Figure 13: the minimum strength occurs at two 

percent gypsum. Based on strength of fresh water treatment, NaCl 

alone reduced expected values for strength slightly more than 12 

percentage points. At the most damaging sulfate concentration, a 40 

percent loss in expected strength is observed. When compared to 

natural rock salt compositions, significant damage occurred over a 

range of sulfate concentrations possible from all but one of the 

commercial sources in Table 1. 

Although the statistical regression results in Figure 13 suggest 

the existence of a relation between strength after freezing and 

thawing and sulfate concentration in a brine, the validity or lack of 

validity in experimental results can be assessed through analysis of 

variance and significance tests. Average values for strength and 

their standard deviations are presented in Table 6. A significance 

test can be formulated with the null hypothesis being: calcium 

sulfate in a NaCl brine does not reduce strength. The alternate 

hypothesis may be stated as: calcium sulfate in the brine reduces 

strength. This formulation places the burden of proof on the proposed 

phenomena. Test statistics computed from experimental data and 
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Figure 13. Tensile strength at 88 freeze-thaw cycles 
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Table 6. Analysis of Tensile Strength Data 

Gypsum Strength 
Mean St. Dev. 

(%) (y) (s) 

o.ob 87.9 16.7 
0.375 72.7 16.7 
0.523 67.8 14.4 
0.695 73.8 20.2 
0.730 67.9 16.3 
0.868 65.1 15.5 
1.000 61.2 12.2 
1.200 58.2 24.9 
1.700 66.3 21.6 
2.400 58.9 13.6 
3.100 60.9 16.5 
3.600 73.2 14.2 

Number of 
Observations 

(N) 

27 
27 

9 
9 

18 
9 
9 

18 
18 
18 
18 
18 

Testa t- Confidence 
Statistic parameter Level 

(%) 

3.34 2.40 99.0 
3.22 2.44 99.0 
2.08 2.44 97.5 
3.99 2.42 99.0 
3.61 2.44 99.0 
5.56 2.44 99.0 
3.80 2.42 99.0 
2.98 2.42 99.0 
4.83 2.42 99.0 
4.22 2.42 99.0 
2.42 2.42 99.0 

aFrom methods outlined in reference 17. 

bGypsum in saturated NaCl brine. 
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Student's t-distribution parameters are also in Table 6. A test 

statistic larger than the t-distribution parameter means that, at a 

particular level of confidence, there is evidence that the null 

hypothesis or the presumption that calcium sulfate does not reduce 

strength is untrue. Thus the alternate hypothesis can be accepted. In 

Table 6 it can be seen that in all but one case the null hypothesis 

is rejected at the 99 percent or higher confidence level. The 

deviation suggests a 97.5 percent confidence level. Thus, sulfate in 

this experimental environment produced significant reductions in 

strength. 

Pore structure was evaluated on samples taken from below the 

solution level, where the deterioration was most severe. Figure 14 

shows the intruded percent of pore volume plotted against pore radius 

for fresh water, NaCl, and three gypsum percentages. A significant 

difference in intruded volume occurs between fresh water and brine 

treated specimens. More pores are present in the fresh water mortar. 

A less dramatic but still noticeable difference also is evident 

between two treatment pairs, (NaCl and 0.73% gypsum) and (1.70 and 

2.41% gypsum); this pore filling pattern correlates to strength. 

Sodium chloride and a 0.73% gypsum produced an intermediate strength 

reduction when compared to that for higher sulfate concentrations. 

In Figure 14, it is observed that most differences in pore 

structure occurred in the 100 to 500 angstrom range. By one 

classification [9] these are small to medium sized capillary pores 



14.0 

13.0 

12.0 

11 .0 

10.0 I Water 

9.0 

~ 8.0 . 
Cl> 
E 7.0 
::J 
0 6.0 > 

5.0 -
4.0 ~ ~~ 1.70% 

3.0 

2.0 

1.0 

0.0 -t-~--.~~-r-~~~~r-~-r-~--..~~...-~--.-~--...-~---~--.-~~...-~--~--1 

533 356 267 213 107 71 53 42 36 31 27 24 21 19 18 

Pore Radius (Angs) 

Figure 14. Mercury intrusion porosimetry at 88 freeze-thaw cycles 

VJ 
-...J 



38 

known to influence mechanisms for frost action. 

X-ray diffraction charts for samples from specimens subjected to 

freezing and thawing in water, in sodium chloride brine, and in 

sodium chloride with 2.4% gypsum are presented in Figures 15 through 

17. These results are similar and are as anticipated for a mortar 

hydrate; ie. the specimens are highly amorphous but do exhibit peaks 

for crystalline compounds: calcium hydroxide, quartz, ettringite, and 

calcium carbonate. The latter compound is attributed to atmospheric 

carbonation. Differences attributed to the treatments can be seen in 

intensity of ettringite peaks and the occurrence of a new compound 

identified as Friedel's salt, 3Ca0.Al2 o3 .cac12 .10~0, a tricalcium 

aluminate hydrate involving chloride [11]. Friedel's salt was 

identified from diffraction peaks at 7.87, 4.70 and 3.81 angstroms. 

Diffraction peaks at 9.73, 5.61, and 3.88 angstroms identified 

ettringite. 

Table 7 summarizes diffraction data in regard to relative 

compound quantities as estimated from peak intensities. These data 

suggest ettringite formation is enhanced by sodium chloride alone 

and, as is expected, further enhanced by gypsum. Friedel's salt, not 

present from fresh water treatment, is promoted by sodium chloride 

and further enhanced by gypsum [15]. Compounds formed as a result of 

NaCl and gypsum are thought to be responsible for void filling 

measured by mercury porosimetry. 
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Table 7. Summary of diffraction data 

Treatment 

Water 

NaCl 

NaCl+Gypsum 

Maximum Intensity 
Counts for 100% peak 

Ettringite Friedel's Salt 

216 Not Present 

260 479 

304 496 

Chloride and sulfur trioxide measurements and regression results 

for mortar specimens subjected to different brine treatments are in 

Figure 18. As anticipated, brine treatments cause a substantial 

increase in chloride concentration, thus supporting the observation 

that some chloride is tied up in Friedel's salt. These data also 

suggest a maximum chloride concentration near 2 percent gypsum, a 

gypsum concentration that corresponds reasonably well with: (1) 

minimum pulse velocity (2.6%), (2) minimum visual rating (2.0 %), (3) 

minimum strength (2.1 %), and (4) maximum amount of void filling. 

Sulfate concentrations measured in the specimens after 

undergoing freeze-thaw testing decreased slightly and nearly linearly 

as gypsum in the brine increased. To be consistent with pore filling, 

this evidence suggests the primary participant in the filling is 

Friedel's salt, because it does not contain the sulfate radical found 

in ettringite. 
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Summary 

Brine treatment coincident with freeze-thaw testing resulted in 

a much faster deterioration rate than any of the four methods used in 

the first experiment. It is reasoned that coincident brine 

application more closely represents field conditions. Cracking 

occurred below the solution level, which is evidence of an expansive 

fracture mechanism resulting from a combined influence of sulfate. 

brine treatment and frost action. 

Experimentation demonstrated that small amounts of sulfate (less 

than 0.5 percent) in deicing brines can be detrimental to durability 

of concrete mortar, regardless of the physical parameter being 

measured. Deterioration in terms of tensile strength was maximum at 2 

percent gypsum and corresponded to a loss of nearly half the fresh 

water freeze-thaw strength. 

Mechanisms for sulfate enhanced chloride deterioration are 

thought to be void filling from formation of Friedel's salt and 

possibla additional ettringite. Formation of Friedel's salt also 

appears to be enhanced by sulfates. This mechanism is different from 

the classic views of individual sulfate or chloride attack, both from 

the standpoint of chemistry and the physical response. Different 

compounds are involved and the process proceeds at a much faster 

rate. 
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FIELD TESTING 

Objective and Scope 

The objective of this portion of the research was to relate 

laboratory testing to an actual pavement deterioration problem. The 

field investigation was conducted on Story County Road E-29 near the 

U.S. Highway 65 intersection. This pavemeht had extensive D-cracking 

near the intersection, but damage decreased to the east of the 

intersection, until at a distance of 300 to 400 feet, there was no 

visible damage. It was speculated that the D-cracking may have been 

the result of deicers tracked from U.S. 65 and occasional salt 

application at the intersection by Story County. Very little, if 

any, deicing was applied away from the intersection on this secondary 

pavement. 

The pavement was built in 1966 using Iowa Highway Commission 

Standard Specifications, 1964. The pavement was constructed with a 6 

inch thick, B-3 mix with 6 percent air entrainment. The fine and 

coarse aggregate used were from Hallets of Ames. Pavement between 

stations 0+12 to 0+50 was constructed using a different mix and was 

not included in the study. 

Three-inch diameter cores, taken from station 0+50 to station 

5+00, were obtained adjacent to joints, and at the midpoint between 

joints. Several cores were also taken adjacent to structural cracks 

that had developed visible D-cracking. Chloride concentrations were 

measured using ASTM C-114; sulfur trioxide concentrations were 
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measured using the Dietert sulfur analyzer. 

Results and Discussion 

Chloride and sulfur trioxide concentrations are shown in Figures 

19 and 20. Sulfur trioxide concentrations were determined using the 

Dietert sulfur analyzer. All results were converted to a percentage 

by weight of mortar. Comparison with Table.4 and Figure 18 suggests 

the use of saturated brines in the laboratory was appropriate. 

Chloride concentrations measured at the joints decrease with 

distance away from the intersection, suggesting that chemical 

contamination is occurring. The concentrations found at the joints 

was much higher than concentrations found at the midpoint of the 

slabs, reinforcing the hypothesis that joints act as reservoirs 

collecting deicing solutions. Chloride concentrations found adjacent 

to structural cracks was somewhat less than at the joints. This 

could be the result of less exposure time if the cracks occurred 

several years after construction. 

Sulfur trioxide concentrations are shown in Figure 20. 

With exception of three high values, possibly outliers due to pyrite 

particles known to be in the sand, sulfate concentration tends to 

increase with distance from the intersection. This is consistent with 

the inverse relationship observed in Experiment II, Figure 18 in that 

slightly lower sulfate concentrations were measured in the mortar 

as the sulfate in the brine increased. Thus more deicer nepr the 

intersection should mean the combined sulfate-chloride reaction 

should be enhanced. 
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POSSIBLE SOLUTIONS 

Objective 

Potential methods of correcting sulfate contamination are 

considered in this section. Remedies might be applied to several 

aspects of the problem: specifications limiting the amount of 

sulfate impurities in rock salt, admixtures to concrete for patching 

and new pavements, treatment of existing pavements, or treatment of 

deicing salt before application. 

Salt Specifications 

The simplest solution to the problem would be to set limits on 

the amount of sulfate impurities in allowed in deicing salt. This 

research shows that significant damage occurs at levels as low as 0.5 

percertt gypsum in halite. Unfortunately, specifications limiting 

calcium sulfate impurities to below this level may have the adverse 

effect of eliminating several rock salt sources. If Table 1 data is 

indicative of salt quality and availability, two of the three 

sources, Kansas and Michigan, would be eliminated. A technically 

appropriate limit on sulfate could promote more selective mining and 

processing methods but the cost (now an unkown) would have to be 

balanced against the damage the sulfates are causing. Also, this 

solution would not eliminate problems caused by previous deicing. 

There is still the question of gypsum accumulation in the joints 

with time. Sulfate deposits could occur from rock salt containing 
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less then 0.5 percent calcium sulfate impurities through evaporation 

and depositional processes which, after a period of time, result in 

concentrations sufficient for sulfate induced deterioration. If this 

is the case, then salt specifications will only postpone the problem. 

Fly Ash Replacement 

Fly ash is a pozzolanic material and, when used as a partial 

replacement for portland cement, has been shown to alter pore 

structure through reactions between calcium hydroxide and the 

reactive silicates [10,12]. Thus a 20 percent fly ash replacement to 

the C-3 mix was evaluated on the chance that such pore alteration 

might reduce the damage from sulfate/chloride attack. Table 8 gives 

the origin and chemical composition of the Class C fly ash used in 

this preliminary study. 

Test results shown in Figures 21 and 22 indicate that 

fly ash has potential for reducing sulfate/chloride damage. Pulse 

velocity and strength losses were notably less than found in the 

earlier results. Some deterioration did occur from treatments of 

2.41 percent gypsum and higher. Comparison of this strength loss, 10 

to 14 percent, is much less then the 40 percentage point loss noted 

earlier. 
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Table 8. Chemical composition of Neal No. 4 fly ash 

Si02 34.75 

Al2o3 15.47 

Fe2o3 6.31 

803 3.55 

Cao 25.76 

MgO 5.82 

Na 2o 1.57 

Treatment of Existing Pavements 

Results from Experiments I & II indicate severity of 

deterioration is dependent on the environment at brine application. 

Thus, one tactic to eliminate the problem is to upset the balance or 

remove an element essential for the destructive process. This 

research demonstrates an air/brine boundary to be such an element. 

Mortar specimens inundated with brine did not deteriorate. Thus 

keeping concrete saturated at all times may be a solution, although 

not very practical. An opposite approach is to eliminate the boundary 

by keeping concrete dry. Isobutyl trimethoxy-silane (silane) is a 

compound that bonds to the silica in hydrated portland cement causing 

it to become hydrophobic, thus keeping it dry. Silane is a liquid and 

has potential for being sprayed on existing joints. 
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To evaluate the potential of silane treatment, fourteen day old 

mortar specimens were treated and then allowed 48 hours reaction time 

before being subjected to freeze-thaw in brines, as was done in 

Experiment II. Figures 23 and 24 show that deterioration was 

virtually nonexistent. With the exception of a two percentage point 

loss in strength ratio for the highest gypsum concentration, pulse 

velocity and strength results were equal to or greater than those for 

water treated specimens. 

It is proposed that this type of treatment could be selectively 

applied to areas susceptible to deicing contamination by spraying, 

thus greatly improving concrete durability. One sourc.e quoted a price 

of $30 per gallon which will cover 100 to 125 square feet. Thus, 

material costs will be approximately $10 to $15 per joint. 

Treatment of Deicing Salt 

Another approach which may reduce the undesirable influence of 

sulfates in rock salt is to treat the salt with the intent of 

immobilizing the problem ion. This is theoretically possible by 

adding a highly soluble compound which reacts with the sulfate 

radical to produce a very insoluble product. Barium chloride and 

barium hydroxide are two salts which should react with the sulfate to 

form barium sulfate, a compound 1000 times less soluble than calcium 

sulfate. 

Brine treatments with 1.70, 2.41, and 3.10 percent gypsum were 

used with barium added in the form of barium chloride or barium 
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hydroxide in amounts theoretically sufficient to react all the 

sulfate with the barium. The resulting solutions were then applied 

in the same manner as in Experiment II. 

The results, shown in Figures 25 and 26, were not very 

encouraging. Gypsum caused reductions in both pulse velocity and 

strength. No apparent difference was seen between the barium chloride 

or barium hydroxide treatments. It is not completely understood why 

deterioration was so severe. This idea may be worth further 

investigation with other additives. 
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CONCLUSIONS 

This research investigated the hypothesis that trace amounts of 

calcium sulfate occurring naturally in halite deposits used for 

deicing can be detrimental to portland cement concrete pavements. 

The following conclusions are made: 

1. Sulfate introduced as gypsum with sodium chloride in deicing 

brines can have detrimental effects on portland cement mortar. Under 

certain conditions of application, tensile strength of mortar can be 

reduced by nearly half after as few as 88 cycles of freeze-thaw. 

2. The concentration of sulfate required to render a brine 

destructive was found to be as low as one-half percent of the solute. 

Commercial rock salts may easily exceed this limit. 

3. Conditions of brine application are critical to specimen 

durability. Specimens half immersed in brine solutions during frost 

action proved the least durable. Specimens half immersed in brine 

prior to being subjected to frost action and subjected to freeze-thaw 

in fresh water were damaged, but less severely. Specimens completely 

immersed or subjected to cyclic wetting and drying showed little or 

no deterioration. 

4. Mechanisms for deterioration are due to pore filling 

resulting from compound formation and deposition. Ettringite and 

Friedel's salt are the compounds thought to be responsible. 

Ettringite forms in a secondary reaction from tricalcum aluminate 

hydrates and sulfates. Freidel's salt, a tricalcium aluminate 

' 
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chloride hydrate, does not contain sulfate but its formation appears 

to be enhanced by presence of gypsum. The pore filling that occurs is 

not in itself sufficient to destroy the mortar. It does however make 

mortar more vulnerable to frost action. 

5. There appears to be a pessimum gypsum concentration in sodium 

chloride brine with regards to strength, pulse velocity, and visual 

indexing of cracks. This concentration is on the order of 2 percent 

by weight of solute in the brine. 

6. A field evaluation of deteriorating joints suggests the 

sulfate phenomona demonstrated in the laboratory also operates in the 

field. Sulfate and chloride concentrations in mortar from field cores 

were in reasonable agreement with measurements on laboratory 

specimens. 

7. Preliminary evaluation of remedies includes: limits on 

sulfates, fly ash admixtures, treatment of existing pavement, and 

salt treatments. 
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RECOMMENDATIONS FOR FURTHER STUDY 

Areas requiring further investigation are: 

1. More detailed study of actual pavement joints, including: 

evaluation of deicer meltwater samples over an extended period to 

define actual brine concentrations and evaluation of temperature and 

moisture conditions within concrete near joints to determine number 

of freezing cycles coincident with a brine interface. 

2. Study of how concrete .materials (eg. aggregate and cement 

type) and maturity may influence the sulfate/sodium chloride 

deterioration process. 

3. Correlation of laboratory performance to field deterioration. 

This might be accomplished by adapting the visual index system of 

this research for field observation. Field measurements may be linked 

to laboratory specimens of equivalent quality but with a known 

history of deterioration. This may allow prediction of additional 

joint life if any. 

4. Investigate and evaluate the value of corrective methods. 

This should include: portland cement compositions, physical 

construction of joints (ie. drainage and sealants), joint treatments 

such as silanes, portland cement admixtures, salt treatments, and the 

economic impact of establishing sulfate limits• 

II 
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